The main source of carbon (C) to soil stocks is plant litter, the decomposition of which is controlled by a mixture of physical, chemical, and biological processes. Bacteria and fungi are the dominant biota responsible for decomposition, yet we know very little about their respective contributions or how community dynamics may be affected by litter quality. This study sought to gain a better understanding of the variable relationships between organic matter decomposition, litter quality, and microbial community composition, with a specific focus on distinguishing bacterial and fungal dynamics. Experiments were conducted under contrasting hydrological conditions, comparing a wetland with an upland forest environment. Decomposition of native vegetation was monitored in addition to breakdown of a common substrate (Acer rubrum (red maple) leaves) placed in both environments. In situ incubations lasted 16 months, and were sampled at ~3-month intervals. Regardless of site, maple litter decomposition proceeded at a similar rate, though we did observe differences in litter quality over time (C:N, %N, solubility of organic C). For the upland site, native litter decomposed more slowly than the maple did. At the wetland site, both litter types decomposed at a similar rate which, surprisingly, was faster than either litter type at the upland site. This finding could be attributed to water-limitation at the upland site and/or stimulation of decomposition at the wetland site due to allochthonous nutrient inputs or organic matter priming. Substrate induced respiration (SIR) was measured for native litter incubated at each sampling site, and the relative contributions of bacteria and fungi were compared. No consistent major differences were detected across these microbial groups, though we did observe much higher rates of SIR at the wetland site compared to the upland site. Community structure of each microbial group was examined via terminal restriction fragment length polymorphism (TRFLP), which revealed dramatic temporal shifts for both groups at both sites. In general, these results indicate a * Corresponding author.
Methods

Site Description
This study was conducted at Virginia Commonwealth University's Rice Center for Environmental Life Sciences near Richmond, Virginia (USA). Two habitat types were chosen to represent differing moisture regimes in which to study plant litter decomposition: 1) forested upland and 2) freshwater wetland. The "upland" site was characterized by relatively dry soil (annual average gravimetric water content: 40%), and vegetation dominated by Fagus gradifolia, Quercus alba, and Quercus rubra. Vegetation at the "wetland" site was primarily comprised of a variety of graminoid species and Typha angustifolia. Soil moisture was high at the wetland site (annual average gravimetric water content: 110%) and standing water was observed on the soil surface during precipitation events.
Experimental Design
In November 2007, senesced plant material was collected from each site and from a single nearby Acer rubrum (red maple) tree. This material was air dried in the laboratory for two weeks and then used to prepare four sets of litter bags: 1) red maple leaves to be deployed at the upland site, 2) red maple leaves for the wetland site, 3) upland vegetation for the upland site, and 4) wetland vegetation for the wetland site. Prior to litterbag assembly, wetland vegetation was cut into ~5 cm pieces; other litter types were left intact. Litterbags (15 cm × 15 cm) were constructed from 0.5-mm Nitex mesh (#24-C60, Wildlife Supply Company, Buffalo, New York, USA), filled with 5 g of dry plant material, and sealed using polyester thread. Bags were randomly distributed in a 200-m 2 plot at each site. On each collection date (0, 3, 6, 10, and 16 months in the field), 8 litterbags from each set (16 per site) were harvested.
Environmental Analyses
For the field sites, baseline soil conditions were monitored monthly using six replicate 100-g samples per site per sampling event. Redox potential and pH were measured using a Hanna Combo probe (QA Supplies, Norfolk, Virginia, USA), and soil moisture content was analyzed gravimetrically (100˚C for 72 h). Any remaining soil was stored at −20˚C until the end of the study, at which point archived samples were pooled and homogenized to generate a single aggregate soil sample for each site for analysis of soil OM content, cation availability, and texture (A & L Laboratories, Richmond, Virginia, USA).
For each litterbag collection date, harvested intact bags were stored at ambient temperature for transport to the lab. External soil and debris were gently wiped from the litterbags before weighing. Each litterbag's contents were then homogenized using a small coffee grinder and immediately analyzed for mass remaining (after drying at 50˚C for 48 h), OM content (loss on ignition at 500˚C for 4 h), and microbial respiration. Subsamples were stored at −80˚C until analyzed for C and N content, water-extractable dissolved organic C (DOC), and genetic profiling of microbial community structure. The total C and N content of the litter was determined using a Perkin Elmer CHNS/O Analyzer (Waltman, Massachusetts, USA) after acidification (10% hydrochloric acid). Extractable DOC was determined from 100-mg subsamples immersed in 15-ml deionized water following the approach outlined in [14] , and quantified using a Shimadzu TOC Analyzer (Torrence, California, USA).
Substrate-Induced Respiration
Microbial substrate-induced respiration (SIR) was quantified as the total production of 14 C-labeled CO 2 following incubation with 14 C-radiolabeled acetate. The separate contributions of bacteria and fungi were determined via selective inhibition using the antimicrobials cycloheximide and streptomycin [20] [21] . SIR was performed for litterbags containing site-specific litter (i.e., upland vegetation incubated at the upland site, and wetland vegetation incubated in the wetland site); maple litter was not considered. For each sampling event, four replicate bags of each type were randomly selected for this assay.
Litter was ground, homogenized, and 0.25-g portions were distributed into four separate sterile culture flasks (55-ml volume, #3055, Corning Inc., Corning, New York, USA) preloaded with 15 ml of sterile PBS (pH = 7.4). Flasks were assigned to the following treatments: 1) an antibacterial treatment with 40 mg·g −1 litter of streptomycin, to measure fungal respiration; 2) an antifungal treatment with 80 mg·g −1 litter cyclohexamide, to meas-ure bacterial respiration; 3) a combined antibacterial and antifungal treatment to serve as an inhibitor control; and 4) and a killed control with 1 ml of 2 N H 2 SO 4 added to stop all microbial activity. Flasks were incubated for 2.5 h following addition of the inhibitor, and then spiked with 0.5 μCi of 14 C-acetate (NEN Life Sciences Products, Boston, Massachusetts, USA) and capped with an airtight septum. Following another 2.5-h incubation, the CO 2 in each vial was trapped using phenethylamine, and associated radioactivity was measured using a Beckman LS 6500 scintillation counter. Respiration rates were calculated as amount of 14 CO 2 generated per hour after controlling for abiotic production in the H 2 SO 4 -killed controls.
Microbial Community Composition
For each litterbag analyzed via SIR, microbial community structure was also examined using TRFLP DNA fingerprinting [22] . Whole-community DNA was extracted from 0.25-g subsamples of litter using the MoBio Labs Power Soil DNA kit (Carlsbad, California, USA) and concentration was determined using a Nanodrop ND-1000 (Thermo Scientific, Willmington, Delaware, USA). DNA extracts were stored at −20˚C.
Group specific primers were used to separately examine the bacterial and fungal members of the community using conserved regions associated with the 16S and 18S rRNA genes respectively. Bacteria were targeted using FAM-labeled 27F (5'-AGA GTT TGA TCC TGG CTC AG-3') and unlabeled 1492R (5'-GGT TAC CTT GTT ACG ACT T-3') [23] . For the fungal community, TET-labeled ITS1-F (5'-CTT GGT CAT TTA GAG GAA GTA A-3') was combined with unlabeled ITS4 (5'-TCC TCC GCT TAT TGA TAT GC-3') [24] . All primers were synthesized by Integrated DNA Technologies (Coralville, Iowa, USA).
The bacterial community PCRs were conducted in 50-μl reactions that contained: template DNA (2.5 -10 ng), 10 mM Tris HCl (pH 8.3), 50 mM KCl, 3 mM MgCl 2 , 200 μM of each dNTP, 0.1 μM of each primer, 20 mg BSA (bovine serum albumin; Roche Inc., Nutley, New Jersey, USA), and 2.5 units of AmpliTaq DNA polymerase (Applied Biosystems, Foster City, California, USA). PCR amplification conditions were: 95˚C for 3 min, 27 cycles of 45 sec at 94˚C, 1 min at 57˚C, and 2 min at 72˚C, and 72˚C for 7 min (PTC-100 Thermal Controller, MJ Research, Inc., Waltham, Massachusetts, USA). The fungal community PCR followed identical reaction conditions but with a total cycle number of 32 and an annealing temperature of 52˚C. After successful amplification was confirmed by agarose gel electrophoresis, each set of PCR products was purified using the MiniElute PCR Purification Kit (Qiagen, Valencia, California, USA) and digested using either the MspI (for bacteria) or the HhaI (for fungi) restriction enzyme following the manufacturer's protocol (NEB, Ipswich, Massachusetts, USA). A second purification step was performed (MiniElute), and aliquots (8 µl) of each purified digest were processed on a MegaBACE 1500 Series Sequencer (Amersham Biosciences, Piscataway, New Jersey, USA) according to Campbell et al. [25] .
Statistical Analyses
Analysis of variance (ANOVA) was used to compare litter quality metrics for the initial plant material and for each set of litter samples at each time point. Decomposition rates (k) were calculated for each litter type and site using the negative exponential decay model:
where OM t corresponds to %OM at sample time t, OM o represents initial %OM (t = 0), and t is the time period [26] . To determine if differences existed among breakdown rates, a general linear model with a dummy variable was used to make pairwise comparisons between site and litter type. Multiple linear regression was performed to determine which attributes of litter quality were significant predictors of %OM loss using the backwards stepwise approach. Bacterial and fungal SIR rates were examined via ANOVA and a Tukey's post hoc test for each sampling period. Spearman rank correlations were performed to correlate litter quality, %OM loss, and respiration. All these statistics relied on α = 0.05 and used SPSS statistical software (Version 16, Chicago, Illinois, USA).
For the TRFLP data, separate analyses were carried out for the bacterial and fungal datasets using non-metric multidimensional scaling (NDMS) with Jacquard's similarity coefficient. Two dimensional plots were produced as a means of visualizing the differences among communities based on both site and sampling time. An analysis of similarities (ANOSIM) was used to test for significant differences between communities across sites or over time, again using the Jacquard coefficient. The relationship between the TRFLP profiles and specific litter qual-ity attributes was analyzed via Mantel tests [27] . For the ANOSIM and Mantel tests, an initial α of 0.05 was used and adjusted via sequential step-down Bonferroni approach; all TRFLP data analyses used the PAST (PAleontological STatistics) program [28] .
Results
Site Soil
Monthly sampling revealed that gravimetric water content (%) of the soil was always greater in the wetland (110 ± 3 (S.E.)) compared to the upland (40 ± 3) (Figure 1 ). Redox potential (mv) was consistently higher in the upland soil (388 ± 11), and the values indicate an aerobic environment. In contrast, redox potential was lower in the wetland (239 ± 15), and high saturation frequently established anaerobic conditions. Besides redox potential and moisture content, there are few differences in the soils found at the two sites. Soil pHs were slightly acidic (wet-land: 4.7 ± 0.1; upland: 4.8 ± 0.1) and varied little over time. Analysis of pooled samples indicate similar OM content (%, wetland: 3.0; upland: 5.5), cation exchange capacity (meq per 100 g, wetland: 5.3; upland: 3.7), and texture (both classified as silt loam/loam). 
Litter Quality
At the start of the study, litter quality was different depending on the type of plant material ( Table 1) . Maple leaves had a significantly lower %N content and higher C:N ratio (%N: F = 10.2, p = 0.003; C:N: F = 8.8, p = 0.002) than native wetland plant litter, but did not differ significantly from native upland plant material. Waterextractable DOC content of the red maple was significantly higher than the two native litter types (F = 25.8, p = 0.001), which did not differ from each other. Total %OM and %C content were not significantly different across any of the litter types (OM: F = 2.9, p = 0.08; %C: F = 0.7, p = 0.51).
Over time, the %N content of the OM in the litterbags increased for all litter types at both incubation sites (Figure 2) , with an unusual high point for the wetland site, native material at t = 3 months (Figure 2(H) ). Coincident with this, C:N ratios decreased over time, and appeared to stabilize after 10 months. In all litter, the amount of water-extractable DOC decreased until reaching ~zero after 16 months in situ. Regardless of incubation site, maple litter always had higher C:N and DOC and lower %N relative to native material. Comparing the behavior of maple litter across sites, no differences were evident until ~6 months, after which time the C:N, %N, and DOC levels became significantly lower for samples incubated at the wetland site.
Decomposition Rates
When all litter types are considered, the mean decomposition rate for plant material placed in the wetland was significantly higher than for the upland site (k (wetland) = 0.42 ± 0.02, k (upland) = 0.29 ± 0.02; p = 0.002). Within the wetland, differences in decomposition rates across litter types were not significant (k (wetland-native) = 0.47 ± 0.04, k (wetland-maple) = 0.40 ± 0.02; p = 0.29), and the shape of the two decomposition curves were similar (Figure 2(B) ). In contrast, decomposition curves for the upland site were different across the two litter types (Figure 2(A) ), especially during the first six months of the study, and decomposition rates were significantly higher for upland maple litter (k (upland-native) = 0.17 ± 0.02, k (upland-maple) = 0.35 ± 0.02; p = 0.29). When only maple litter is considered, decomposition rates were not significantly different across sites (k (upland-maple) = 0.40 ± 0.20, k (wetland-maple) = 0.35 ± 0.02; p = 0.33). At the upland site, maple litter initially decomposed fastest (i.e., OM remaining dropped first (Figure 2(A))) , which was different from the wetland site (Figure 2(B) ).
For each combination of site and litter-type, a multiple regression model was developed to assess what litter quality attributes were the best predictors of OM loss ( Table 2) . For all combinations except native material in the upland site, litter quality explained more than half of the variation in OM loss. The significant litter quality attributes were different for each litter type and site.
Substrate-Induced Respiration
Respiration was measured for native litter incubated at each sampling site (Figure 3) . For the upland samples, respiration was never significantly different between bacteria and fungi. Spearman correlation analysis was performed to compare bacterial and fungal SIR to litter-quality attributes. Significant correlations for fungal SIR include negative relationships with %OM remaining (r s = −0.85) and C:N (r s = −0.73), and a positive relationship with %N (r s = 0.68). Bacterial SIR was also negatively related to %OM remaining (r s = −0.53), though not as strongly as fungi. Bacterial SIR was most strongly related to water-extractable DOC content (r s = −0.70).
Respiration at the wetland site was ~5-fold higher than for the upland site (note difference in scale for Figure  3 (A) and Figure 3(B) ). Bacterial respiration was generally lower than fungal, though not significantly different at the 3-or 10-month sampling. In contrast to the upland site, %OM remaining was not strongly correlated with Table 1 . Initial attributes of plant litter quality (mean ± standard error, N = 8 per group). Superscript letters designate statistically significant subgroups via Tukey's post hoc test following ANOVA (α = 0.05). 
Microbial Community Composition
Microbial community composition was evaluated for native litter for all time points (Figure 4) . For both bacterial and fungal community structure, NDMS of the TRFLP data produced a two dimensional representation of showed clear temporal shifts within sites, which manifest on both axes 1 and 2. Bacterial community structures in the upland site were not significantly different for the first 10 months (ANOSIM, p = 0.25) followed by a significant (p = 0.0005) shift at month 16. In contrast, the wetland bacterial community was significantly different at every sampling event (all p < 0.03). Fungal community composition was significantly different between all time points for both sites (ANOSIM, all p ≤ 0.03). Temporal changes in community composition were larger for fungi, with most of the change occurring on NDMS Axis 1 (32% of variance explained). Both sites showed correlations between microbial community and litter quality variables, but the strength of these correlations were stronger at the upland ( Table 3) .
Community composition was also compared across litter types (maple versus native) for the final set of samples, taken at 16 months (Figure 5) . For the bacterial community, effects of both site and litter type are evident. For fungi, only site affects were detected.
Discussion
Decomposition Rates
Overall, decomposition rates were higher at the wetland site compared to the upland site. This finding is contrary to the prevailing hypothesis that decomposition is suppressed under saturated conditions, and suggests that other factors were at play in this study. One possibility is that, despite being highly saturated (Figure 1(A) ), soils at the wetland site were not always anaerobic; this is supported by redox potential in the soil being, at times, either close to or above 300 mV (Figure 1(B) ). Further, it is likely that wetland litter experienced periodic influxes of nutrients from the surface water body, which could stimulate microbial activity [29] . Another potential explanation for these results is that moisture limitation at the upland site suppressed those decomposition rates. In particular, although the upland maple-litter k value (0.35) was similar to temperate ecosystem averages (0.36), it was lower than maple decay rates found in other studies [8] [30]- [32] . The native upland-litter k constant was also low (0.17) compared to other forest decay rates [8] . This could be due to the suboptimal water content during the summer months when the gravimetric soil moisture content was below 30% [4] [33] . Along these lines, it is worth noting that litter decay in the wetland was not exceptional compared to other emergent macrophyte decay rates. Some published decay rates of Typha were even higher (~0.75) [11] [14] [34] , and considerable variation has been noted based on plant species [35] . When the same litter type (maple) was incubated at the two different sites, we saw no statistically significant differences in decay rates, which suggests that litter quality may also be a major determinant of the speed of decomposition. The effects of litter quality were also evident when looking within sites and comparing the two litter types (Figure 2(A) and Figure 2(B) ). These differences in OM breakdown coincided with temporal changes in litter quality which were site-specific. Site effects on litter quality can be well explained using C:N as an example. Specifically, C:N ratios of maple litter in the wetland environment decreased faster and stabilized lower than maple litter in the upland environment (Figure 2(C) and Figure 2(D) ). These patterns of changing C:N ratios may be thought of in two ways, which both have consequences for decomposition activity. First, the size of the C:N gap is indicative of the magnitude of N limitation and, in turn, the fate of the N; either immobilization or ammonification [35] . The faster drop for the wetland site suggests that the microbial communities more quickly reached a point in which N was not limiting and no longer needed to be immobilized. Alternately, the lower C:N may represent differences in the specific metabolic functions of the microbial communities. For example, anaerobic bacteria have been found to form efficient concerted enzyme complexes to degrade cellulose known as cellulosomes, which are not present in aerobic bacteria [17] [36] . An abundance of cellulosomes would lead to high respiration rates and a more rapid decrease in total litter C content relative to N. The interplay of site and quality can best be understood by examining the results of the multiple regression analyses (Table 2), which demonstrated various aspects of litter quality to be important for different starting materials at separate sites. Interestingly, the C:N ratio helped explain a large portion of the change in %OM remaining at the wetland. This suggests that the C:N dynamics of the litter and microbes are influential in the processes underlying decomposition in the wetland regardless of litter type.
As discussed above, the most obvious difference between the two sites is moisture availability, which could be a direct abiotic driver of decomposition rates by mediating: 1) oxygenation/redox status, 2) inorganic nutrient subsidies, and/or 3) water availability. In addition, moisture content could impose indirect litter-quality mediated effects, via leaching for example. Leaching could remove essential nutrients and decrease availability of labile C substrates, thus having a negative impact on decomposition rates. However, the relative impact of leaching depends on initial litter quality and the extent to which the plant constituents are water-extractable under a given set of environmental conditions. For example, in this study, initial DOC was higher for maple compared to either native litter ( Table 1) , but maple was leached rapidly (Figure 2(E) and Figure 2(F) ). Within six months, DOC content was similar for each pair of litter types and slightly higher at the upland site. Another mechanism by which moisture availability could impose an indirect effect on decomposition is via priming, which is the process whereby increased labile C inputs may stimulate decomposition of more recalcitrant C. The wetland microbial communities likely had greater access to allochthonous labile C and nutrients dissolved in solution [18] [35] [37] and thus greater potential for priming effects, relative to the upland site. In contrast, microbes in the drier upland site were limited to the labile C and nutrients available in the immediate litter, either as initial sugars and glycosides, or to those accumulated through lignin and holocellulose depolymerization. This was well reflected in the litter quality components that best explained %OM loss in the upland: DOC (R 2 = 0.69). In contrast, C:N and N concentration were the important predictors of OM loss (R 2 = 0.64) when the same litter type (maple) was incubated in the wetland.
Microbial Communities
Bacterial and fungal communities' respective SIR contributions fluctuated over time (Figure 3 , assessed for na-tive litter only), however not as expected based on the literature. Previous work has suggested an orderly succession from bacterial to fungal functional dominance, at least for upland sites, and is believed to be driven by a shift in litter quality-initial material having more labile compounds and aged material being primarily recalcitrant residues [16] [18] [19] . While this trend was visible at the upland site (Figure 3(A) ), bacterial and fungal SIR was not significantly different for any of the time points. At the wetland site, we expected bacteria to dominate overall, as it is frequently assumed that saturated conditions suppress fungal activity; instead, we observed high levels of activity by both groups (Figure 3(B) ). This result could be due to the fact that, despite high soil saturation (Figure 1(A) ), redox conditions suggest that aerobic conditions occurred with some frequency (Figure 1(B) ). These findings for the wetland site are consistent with Su et al. [14] , who compared several wetland litters and similarly found neither fungal nor bacterial production ubiquitously dominated.
Although neither site was characterized by bacterial or fungal dominance of SIR, there were differences between sites in the microbial community function. In particular, respiration values were generally higher in the wetland site and of the same order of magnitude as in other wetland studies [14] . In contrast, respiration rates at the upland site were lower than the wetland litter and when compared to SIR of other litters decomposing in forest environments [33] . This may be the result of the limited moisture environment, as discussed above, or particular traits of the upland native litter. Specifically, Quercus alba, the dominant upland native species, has been found to contain a high portion of recalcitrant C compounds [38] and may simply be hard to decompose.
The differences between the native litters extend beyond SIR to the microbial communities present and their compositional shifts throughout decomposition. The most pronounced difference was in the bacterial communities (Figure 4(A) ). For the upland site, community composition was similar for the first three sampling events (3, 6 , and 10 months were not different via ANOSIM), and then changed dramatically at 16 months. The bacteria community may have remained constant in the upland site because harsher conditions only allowed for survival of a specific, relatively inactive community. Shifts in the composition of the upland bacterial community were strongly related to litter quality, particularly DOC availability and %N ( Table 3) . Bacterial communities in the wetland were more dynamic (Figure 4(A) ) and did not correlate with any of the litter quality attributes we measured. This may be due to the more variable nature of the wetland environment, and suggests other environmental drivers may be at play. The strongest differences in the bacterial community profiles related to site, which were consistent for all time periods sampled.
Similar results were obtained for the fungal community (Figure 4(B) ) in that communities changed dramatically over time and were quite different across sites. For both sites, community composition was strongly related to DOC availability, which suggests that higher levels of water extractable (presumably labile) DOC help determine what species of fungi predominate. This relationship could be direct (i.e., fungi responding to DOC) or it could be indirect and mediated via competition with bacteria. In addition to DOC, fungal community composition was related to %N (upland) and C:N (wetland), which suggests an overall potential for N limitation on fungal community structure.
For the final sampling event (t = 16 months), we compared the microbial communities from both maple and native litter to examine the long term effect of litter type as a determinant of microbial community structure ( Figure 5 ). For the bacterial community, we saw a strong effect of site (separation on Axis 1, 30% of variance) but also a residual effect of litter type (maple litter positioned higher on Axis 2, 19% of variation). Overall, this indicates that the bacterial communities remained distinct based on initial OM despite 16 months of identical environmental conditions. In contrast, by this final sampling event, fungal community composition no longer showed any selection based on litter type. For both sites, native and maple litter had essentially identical fungal communities. Taken together, the bacterial and fungal results indicate that litter quality effects vary based on environmental conditions and depend on the microbial functional group under consideration; specifically both litter type and environment (site) were important determinants of bacterial community composition, while only environmental conditions (site effects) were important for fungi.
Conclusion
Results indicate that both plant litter type and incubation site were important in determining decomposition rates. Site-specific changes in litter quality associated with moisture availability may have driven this interaction. Further, both factors were important in structuring the bacterial and fungal communities, affecting composition and activity. Overall, these findings suggest that more nuanced conceptual models of OM breakdown are necessary, especially ones that consider interactive effects of environmental conditions and substrate availability. The results also suggest that conventional thinking about microbial communities, which often predict: 1) that decomposition follows a path of succession from labile decomposing bacteria to recalcitrant decomposing fungi, and 2) that anaerobic bacteria slowly decompose litter in hydric environments, is an over simplification that does not account for the caveats of the environment that effect decomposition and the microbial communities that underlie it. Future work should focus on understanding of these potential interactions.
